Metal carbonyl complexes constitute a molecular family that is widely used in chemical processes since their discovery. Recently, one of the most popular applications of these molecules is storage/transport of CO. It is known that CO is not only an ordinary toxic gas but also a gasotransmitter. It is synthesized endogenously and the amount of CO increases in healing periods. This knowledge provides strong motivation for using metal carbonyl complexes as CO-releasing molecules for therapeutic purposes. However, the solvent that is used in analyzing CO-releasing properties causes quantitative discrepancies and this is a disadvantage for progression of studies. Nevertheless, it is extremely difficult to analyze the activity differences of bioactive molecules depending upon solvent type due to time/source restrictions. Herein, we show that theoretical analysis with DFT/TDDFT approaches could be a good alternative for determining the solvent effect. In this study, we analyzed the molecular orbital diagrams and electronic transitions of [Mn(CO)3(bpy)(L)] + type complexes for various solvents.
Introduction
Metal carbonyl complexes have found wide use in industrial applications as catalysts after the first binary complex, Ni(CO)4, was synthesized by Mond in 1890, although the first metal carbonyl complex, [Pt(CO)Cl2]2 was synthesized in 1868 [1] . Metal carbonyls have been also practiced in chemistry for many applications such as synthesis of complexes with photolysis [2] , labeling of bioactive molecules [3] , far-infrared studies in gas phase [4] and photosensitizers [5] owing to their unique photochemical and spectroscopic characteristics. Therefore, many metal carbonyl complexes have been analyzed for their bioactivities and revealed good results [6] [7] [8] [9] [10] . Recently, carbonyl complexes have attracted particular attention as good candidates for deposit and transport of carbon monoxide, which is accepted as a gasotransmitter [11] [12] [13] .
Carbon monoxide (CO) is known as a poisonous gas. As the binding affinity of CO to hemoglobin is 240 times stronger than that of oxygen, excess production of carboxyhemoglobin impairs oxygen transport to tissues/organs and this is the primary reason of CO poisoning [14] . In fact, carboxyhemoglobin levels of up to 10% are asymptomatic and CO is endogenously produced in human body and has a beneficial and therapeutic effect [15] . In addition, experimental results show that exogenous supplements of CO could have therapeutic effects [12] . Because of this new finding, many molecules such as metal carbonyl complexes have been analyzed for their COreleasing properties and many novel molecules have been synthesized/characterized as possible CO-releasing molecules (CORMs) [16] [17] [18] [19] . Myoglobin assay is a well-known method for investigation of CO-releasing properties of the molecule [20] . In this method, chemically produced deoxymyoglobin interacts with CORMs in buffered solution to form carboxymyoglobin. Deoxymyoglobin/carboxymyoglobin transformation can easily be detected with a UVVis Spectrophotometer. The method shows similarity to many other in-vitro bioactivity measurement methods in terms of adding limited amount of sample, which is dissolved in convenient solvent, into the well-known standard measurement medium [17, [21] [22] [23] . However, Carrington et al. showed that the solvent type used in dissolution stage of myoglobin assay can change the numerical results of CO-releasing properties [24, 25] . It is also generally known that UV-Vis maxima of molecules depend on the solvent type [26] . Whereas, the main stages of in-vitro bioactivity trials should be independent from this kind of basic chemical factors for avoiding the troubles in possible in-vivo applications.
As a result of recent developments, DFT/TDDFT based calculation programs have been rendered as particularly useful tools for obtaining results compatible with the experimental data [27] [28] [29] [30] . Moreover, these calculations avoid waste of time/source and make it possible to consider hypothetical approaches. In this study, [Mn(CO)3(bpy)(L)] + (bpy: 2,2-bipyridyl, L: imidazole, methylimidazole, benzimidazole) complexes that were synthesized/characterized previously ( Fig. 1 ) [16] have been optimized in various solvents and TDDFT calculations were performed in four different solvents used in the synthesis and analysis procedures. Electronic transitions and structural parameters of the complexes have been evaluated depending upon solvent type. These calculations have given insight into the required features for a moderate bioactive species without any experimental procedure.
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Results and Discussion
During in vitro bioactivity studies, generally a solution of the chemical sample is prepared with a convenient solvent and added to the standard measurement medium. It is well known that the dissolvent/total solution ratio is particularly important in standard activity measurement methods (such as antioxidant activity), especially in the case of buffered solution. For example, the CO-releasing rate of a manganese based carbonyl complex was 21.94 min -1 in dichloromethane but 11.22 min -1 in acetonitrile using the same measurement method under identical conditions [24, 25] . The discrepancy between the results is neither acceptable and nor suitable for possible in-vivo experiments. For this reason, type of the solvent has to be evaluated in this kind of measurements. 38] , which has been accepted slightly better than hybrid B3LYP functional in inorganic compounds [39] , was used in the calculations with the resolution-of-the-identity (RI) approximation for speedup the calculations [40] . A def2-TZVP/def2-TZVP/J basis set, the tightscf and grid4 options, and the COSMO solvation model [41, 42] that is frequently used computationally efficient continuum dielectric approach [43, 44] , were also utilized. Molecular orbital energy diagrams of the molecules in gas form have been drawn and given in Fig. S1 . The molecular orbital energies of 1 have exemplarily been analyzed (Fig. 2) . 1 has the lowest molecular orbital energies in gas form. The highest molecular orbital energies of 1 occurred in the calculations with polar solvents. The calculated energies in hexane are lower than that of polar solvents but slightly higher than gas phase. HOMO energy in gas phase is -8.56 eV while -7.58 eV is calculated in hexane. In acetone and dichloromethane (DCM) that were used in synthetic procedure of the molecules and in dimethylsulfoxide (DMSO) which was used for analyzing the CO-releasing properties, the HOMO energies of the molecules have been determined -5.94 eV, -6.17 eV and -5.84 eV, respectively. The most prominent electronic transitions of the molecule according to oscillator strength in gas phase, acetone, DMSO, dichloromethane and hexane have been evaluated in Fig. 2 . If the calculation results of the molecules that studied in this study were evaluated, the electronic transitions with the oscillator strength higher than 0.04 have been appreciated as a distinguishable transition, which could be observed in UV-Vis spectroscopy ( Figure S2 ) [45, 46] . Three electronic transitions in gas phase and hexane and two electronic transition in polar solvents have been recorded with different wavelengths. The additional HOMO→LUMO+3 transition in gas and hexane at 310 nm have notable oscillator strength unlike the polar solvents. The transitions with maximum oscillator strength have been calculated as 374.5 nm in gas phase, 390.0 nm in hexane, 366.5 nm in acetone, 369.9 nm in DCM and 375.6 nm in DMSO.
It is well known that the energy gap between HOMO and LUMO molecular orbitals is a good indication for the (re)activity of the molecules [47] . HOMO energy of a molecule is an evidence of ionization potential while LUMO energy of a molecule is relevant to electron affinity. In addition, chemical potential and electrophilicity index could be evaluated by HOMO and LUMO energies of the molecules [48, 49] . Therefore, the molecules with large HOMO-LUMO gap have been defined hard molecules while the molecules with small HOMO-LUMO gap have been defined soft molecules and the hardness/softness is used as a measure of kinetic stability. The soft molecules are more reactive than the hard molecules if a reaction includes electron transfer or rearrangement [50] . The changes of HOMO-LUMO energy gap of 2 occurring on solvent differences have been illustrated in Fig. 3 . The HOMO-LUMO energies are greater in polar solvents relative to that in hexane and gas phase. It is means that the solution of 2 in DMSO is more stable to the electron transfer or rearrangement.
The electronic transitions of optimized 3 have also been evaluated in different solvents and generally labelled as MLCT (metal to ligand charge transfer). In gas phase, among the eight prominent electronic transitions, the transition with the highest intensity has been calculated in 390.3 nm as a MLCT (Table S1) The determined bond lengths and angles of the molecules in various solvents have been evaluated in Table S6 . In polar solvents, M-CO bond lengths of the molecules have shortened when the C-O bond lengths have elongated. M-CO and C-O bond lengths of 3 are not considerably affected by solvent type and this could be attributed to the relatively higher conjugation of the ligand. In addition, significant differences in the bond angles of the molecules could not be calculated.
Conclusions
The solvent effect on the electronic transitions of [Mn(CO)3(bpy)(L)] + (bpy: 2,2-bipyridyl, L: imidazole, methylimidazole, benzimidazole) complexes have been evaluated theoretically by DFT/TDDFT based ORCA package program. Bioactivity analyses generally require dissolution of solid organometallic molecules in an appropriate solvent. The electronic character as well as the bioactivity properties of organometallic complexes change when different solvents are considered. It is essential for the solvents, which are generally chosen depending on their solving capabilities, to be suitable for actual medicinal implementations and be preferably biocompatible. Since MLCT and LLCT characters of compounds are affected by solvents, the bioactivity measurement procedures, especially the ones that use a light source such as Myoglobin-Assay, must be considered with regard to solvent type.
